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The geochemistry of carbonatic/sulphatic soils of the southern Angara region is distin-
guished for its uniqueness as regards macro-as well as microelements. According to con-
tents of some elements, the territory represents a contrasting positive geochemical
anomaly: the soils are enriched above the average concentration (hereinafter referred to as
Clarke) in Ca, S, Cl, P, Sr, Zn and Cu. But according to contents of many other elements,
such as Rb, K, Ba, Cr, Ga, Zr, Ti and Pb, including lanthanides (Y, La, Ce, Pr and Nd), it is the
territory of negative anomaly. Gleyic solonchaks are particularly strongly depleted,
perhaps due to leaching the elements. Soils develop peculiar bonds between elements.
Strong enrichment in P and Sr depends on sulfur accumulation in soils. Potassium
depletion is accounted for by a deficiency of alumosilicates. Ba content decreases with an
increase in the amount of calcium in the soil. The content of lanthanides depends directly
on the amount of alumosilicates and indirectly on the content of carbonates. There is a
difference in the geochemistry of separate lanthanides. A deficiency of chromium is
particularly clearly pronounced in gleyic solonchak. A deficiency of zirconium is accounted
for by a shortage of its main carrier, i.e. titanium, the content of which in soils is below a
Clarke.
© 2016 Agricultural University of Georgia. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).Introduction
The geochemistry of carbonatic/sulphatic soils has attracted
considerable attention because of the difference in the genesis
of carbonates (primarily calcite) and gypsum. Carbonates are
produced both biologically and physic-chemically as a result308.
. Vodyanitskii).
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Georgia. Production and
ns.org/licenses/by-nc-ndof a shift in hydrocarbonate-calcium equilibrium. Gypsum
often has a chemogenic origin, and gypsified solonchaks are
characterized by exceptionally low fertility. On the other
hand, gypsum is used widely in improving soda solonchak
and solonetz soils [1]. It was demonstrated recently that
gypsum decreases water-solubility of phosphorus thus
retarding eutrophication of water bodies [2,3].ce.
hosting by Elsevier B.V. This is an open access article under the
/4.0/).
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that they had formed on red-colored Cambrian rocks which
occur in the Nukutskii, Balaganskii and Osinskii districts of
Irkutsk regoin, Russia. We studied the carbonatic/sulphatic
soils on red-colored Cambrian deposits in the Nukutskii dis-
trict of Irkutsk region, coordinates are the same [4]. In this
district, gypsum is being mined on an industrial scale.
Calcium carbonic gypsum occurring in this area is formed
when closed water bodies are fed by brooks and water flows
during wet seasons. These flows transported to the lakes salts
and suspended particles of lithogenic gypsum from eroded
gypsum-bearing rocks. This process continues also to date.
Carbonatic soils mostly occur on hill tops, while carbo-
nateness is accompanied by sulfate content on the hill slopes.
In the depression, the situation is also complicated by two
factors. First, material losses by erosion from the summits are
responsible for a clearly pronounced binary character of the
soil in the depression. Second, the humidification factor has a
significant role in this case.
The geochemistry of these peculiar soils is poorly under-
stood. Having excessive Ca and S contents, the soils can be
depleted in many other elements. This remains to be further
explored. In studying the geochemistry of the carbonatic/
sulphatic soils, we analyzed separately the contents of the
main and rare chemical elements.
We assign to the main elements those, the content of
which in soils exceeds 1000 mg/kg. Of special interest among
them are the elements, which form part of the mineral car-
riers of the rare elements. They are Al2O3 (as a component of
clay minerals), Fe2O3, CaO, SO3, and P2O5. Their form and
content determine the degree of accumulation and fixing of
many rare elements. The rare elements include those, the
content of which does not exceed 1000 mg/kg.
Here, we seek to ascertain themain and rare elementswith
or in which the carbonatic/sulfatic soils are enriched or
depleted. By analyzing the statistical bonds with the main
elements, it is possible to determine the factors that are
responsible for enrichment or depletion of carbonatic/sul-
phatic soils with and in the rare elements. Finally, an attempt
will be made to determine the way in which a local humidi-
fication influences the content of chemical elements in gleyic
solonchak.
The objective of this paper is to identify the geochemical
characteristics of arid sulphatic soils and gleyic solonchaks in
the southern Angara region, Russia.Objects for study
In this study, attention was focused on three carbonatic/sul-
phatic soils that had formed on red-colored Cambrian rocks in
the forest-steppe zone of the southern Angara region. Two
sections were established on the southern steppizated slope
(profiles 2 and 3) facing the right bank of the Zalarinka river,
and in the floodplain of the Zalarinka river (profile 4), of the
left tributary of the Angara, in the Nukutskii district of Irkutsk
region; the schematic map of the territory is provided in Fig. 1.
It is a hilly, eroded territory, with a widespread occurrence of
gullies.Particle-size distribution, organic carbon content, pHH2O
values and color in the CIE-L*a*b* system are provided in Table
1. The soils show an alkaline-neutral reaction; pH is about 8.
The soils show largely a heavy loamy particle-size content.
The soils differ in moisture content, which is due to their
topographic location. Most of the soil names are taken from
the 2006 World reference base for soil resources [5].
The calcisol (profile 2) was exposed on the hill top. The
coordinates of the section are: latitude e 5341028.1600, and
longitude e 10244016.8700. The system of horizons is AJ1-AJ2-
BM-BCA-Cca. The upper light-humus horizon, AJ1, is 11 cm in
thickness. It is brownish-reddish in color, has a coarse
chestnut-lumpy-silty structure, medium-sized loam, dense,
dry, fragments of rock and rubble, carbonate concretions,
penetrated by roots. Light-humus horizon AH2 lies beneath it,
at a depth of 11e22 cm. Dense, dry, light loam brownish-
reddish in color; there occur whitish carbonate tongues and
concretions, and fragments of gypsum. The structural-
metamorphic horizon BM (8 cm in thickness) is below. It is
underlain by the accumulative-carbonic horizon BCA that
inherited the red color of rock; its thickness is 19 cm. The Cca
layer of carbonatic red-colored rock lies beneath it. The soil is
dry throughout the entire depth. In soil color system CIE-Lab
the soil consistently increases in redness (a*) with depth
from 4.1 to 8.2. It effervesces throughout its depth in the
presence of HCl.
The calcisol/gypsisol (profile 3) was exposed at a distance
of 9 m from profile 2 in the middle part of the slope in the
saddle. The coordinates of profile 3 are: latitudee 5341028.1100,
and longitude e 10244016.6600. The system of horizons is AJ-
AJs-BMs-BCAs-D1ca,s-D2ca,s. The upper light-humus hori-
zon AJ1 is 6 cm in thickness. It is brownish-reddish in color;
silty-lumpy, dense, dry medium-sized loam. Beneath it, there
occurs the light-humus salic horizon AJs at a depth of
6e27 cm. It is underlain by the structural-metamorphic salic
horizon BMs 13 cm in thickness. Below it is the accumulative-
carbonatic salic horizon BCAs that inherited the red color
from rock; it is 13 cm in thickness. This is underlain by the
layer of carbonatic red-colored material, D1ca,s, 17 cm in
thickness. Below is the second, lighter, layer of carbonatic red-
colored material, D2ca,s. In soil color system CIE-Lab the soil
shows a high, almost constant redness at a depth of
a* ¼ 7.5e8.5. It effervesces throughout the entire depth in the
presence of HCl. The soil is binary in character: silt content
decreases from 33 to 17% at a depth of 53 cm. The soil is dry
throughout the depth. Carbonates occur in the form of
tongues and pseudo-mycelium. Residual carbonates are rep-
resented by fragments of Cambrian rocks in the lower soil
horizons. The accumulative-carbonatic horizons are:
lithogenic-illuvial (profiles 2 and 3), and illuvial-hydrogenic
(profile 4).
Gleyic solonchak (profile 4) was exposed in the flood-lain of
the Zalarinka river 190 m from profile 3 and 50 m from the
river channel. The coordinates of profile 4 are: latitude e
5341027.3300, and longitude e 10244014.9600. The system of
horizons is AU-S-Cca,s-D1g,ca,s-D2g,ca,s-D3g,ca,s. The upper
dark-humus horizon AU is 12 cm in thickness. It is gray in
color, has a coarse-lumpy structure, medium-sized loam,
compact, humidified; there occur white small concretions,
and undecayed plant remains. Below is the solonchak horizon
Fig. 1 e Schematic map of the objects for study.
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natic salic heavy-loamy horizon, Cca,s, 31 cm in thickness
with a weak odor of hydrogen sulphide, which is suggestive of
the presence of sulphides. Below is material lighter in color.
The layer of gleyed carbonatic salicmaterial, D1g,ca,s, is 22 cm
in thickness. It is underlain by the layer of gleyed carbonatic
salic material, D2g,ca,s, 25 cm in thickness. Below is the layerTable 1 e Organic carbon content, pH-H2O, particle size distrib
Horizon Depth, cm Corg, % pH-H2O Particle size distributio
1e0.25 0.25e0.05 0.05e
Profile 2. Calcisol
AK 0e11 1.18 8.0 4 29 3
APL 11e22 0.84 7.9 3 11 4
B1Ca 22e30 0.72 7.9 1 18 4
B2Ca 30e49 e 7.8 2 15 4
BCCa 49e60 e 8.0 3 18 3
Profile 3. Calcisol/gypsisol
AK 0e6 0.81 7.9 3 29 3
APLs 6e27 0.50 7.7 3 21 4
B1Ca,s 27e40 0.20 7.9 2 16 3
BCCa,s 40e53 e 8.1 1 20 3
D1Ca,s 53e70 e 7.9 1 26 3
D2Ca,s 70e80 e 8.0 3 23 3
Profile 4. Dark solonchak
AU 0e12 1.80 7.2 4 33 2
ABCa,s 12e32 2.00 7.2 2 26 3
BCs,g 32e61 e 7.2 1 31 3
D1gcas 61e83 e 7.4 1 25 3
D2gcas 83e108 e 7.5 2 42 2
D3gcas 108e130 e 7.3 e e e
“e“ denotes: without determination.of gleyed carbonatic salic material, D3g,ca,s, 22 cm in thick-
ness. Visually, the soil is dark-gray in color, with signs of
gleying; in soil color systemCIE-Lab low redness: a* < 2.2 [4]. In
the upper part of the profile, it effervesces in the presence
of HCl.
The soil is characterized by a binary character; at a depth of
more than 60 cm many of its properties differ from theution and optical properties (CIE-L*a*b* system) of soils.
n, content (%) of particles according to size
(mm)
Optical
properties
0.01 0.01e0.005 0.005e0.001 <0.001 <0.01 L* a* b*
5 7 12 13 32 48.9 4.1 7.8
1 5 7 33 45 52.1 5.8 10.6
0 4 6 31 41 54.5 6.8 12.2
0 7 6 30 43 55.8 7.3 12.3
9 6 5 29 40 57.9 8.2 12.6
4 7 12 15 34 51.2 7.5 9.9
0 4 10 23 37 54.2 8.1 11.3
9 8 6 290 43 55.5 8.1 12.2
4 5 7 33 45 51.9 7.5 10.7
1 12 13 17 41 51.9 8.5 10.8
1 7 15 21 43 53.0 8.2 10.2
8 2 10 23 35 51.6 1.7 7.0
3 9 9 20 38 51.4 1.8 6.5
3 7 13 15 36 51.4 2.1 6.9
5 9 14 15 39 54.8 1.5 6.2
3 11 10 11 32 e e e
e e e e e e e
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chemical composition. More specifically, the lower part of the
profile shows a decreased content of SiO2 and an increased
content of P2O5. Such differences suggest that the upper layer
was formed due to the erosional removal of material from the
hill top, whereas the lower layer is represented by Cambrian
deposits, the initial red color of which was lost because of
dissolution of hematite at high moisture content. The soil at
depths is humid. There occur whitish concretions, rusty and
brown spots, and other signs of hydromorphism, especially in
the lower part of the profile. Layering in the soil profiles is due
to the fact that material is constantly being removed from the
surface of the slopes downward to the floodplain of the
Zalarinka river. This material includes fragments of gypsum-
containing rocks, earthly matter and carbonates. We assign
the soil to the gleyic solonchak type because, in addition to
readily soluble salts, it contains carbonates and gypsum, with
1e2% of gypsum content. These soils do not form in the place
of former bottoms of frying lakes and in closed depressions.Fig. 2 e Dependence of sulfur oxide content on its line
intensity as deduced from X-ray fluorescence analysis of
the model.Methods
The particle-size distribution was determined after soil ag-
gregates dispergation by pyrophosphateand subsequent
determination of sludge fractions (<1 micron) and dust in
suspension by pipetting.
The organic carbon content was determined according to
Tyurin, whereby the organic material was subjected to wet
combustion with the help of potassium dichromate at
T ¼ 150 C for 20 min [6].
The medium reaction was determined potentiometrically
in aqueous suspension at a ratio of soil:water ¼ 1:2.5 [6].
The bulk chemical composition of the soil was determined
by the X-ray fluorescence method with “Tefa-6111” and
“Respect” instruments. X-ray fluorescence diagnostics of sul-
fur, with its high contents in gypsified soils, presents a num-
ber of problems. One problem involves selecting the tube of
the X-ray analyzer. It is clear that the energy dispersion X-ray
fluorescence analyzer “Tefa-6111” (Ortec), featuring the X-ray
tube with Mo-anode, is wholly unsuitable for sulfur di-
agnostics, because the analyzer cannot separate the MoLa and
SKa lines. Therefore, the scattered radiation from the tube
anode will distort the sulfur line intensity. For the excitation
of light elements (from Na to Ca) the “Respect” analyzer uses
the tube with Ti-anode, which improves substantially their
excitation. For heavy elements (from K to Nb) the tube with
Ag-anode is employed. With such an approach, the elements
K and Ca are diagnosed in the two modes of excitation and
serve as an additional control over the consistency of
measurements.
The other problem involves the absence of reference
specimens with high sulfur content. In the set of standard
specimens of soils and rocks, the content of sulfur oxide does
not exceed a few tenths of percent. This leads to a situation
where themeasured quantity exceeds greatly the limits of the
calibration curve. The measurement error can be very large in
this case.
Artificial reference specimens with high sulfur contents
were produced by mixing gypsum with a standard specimenof granite, SG-1A. In the SG-1A specimen, the sulfur content
does not exceed a few hundredths of percent. The gypsum
content in this mixture varied from 5 to 60%, i.e. the sulfur
oxide content varied from 2.32 to 27.9%. The sulfur oxide
content versus sulfur line intensity plot shows a significant
nonlinearity (Fig. 2). Extrapolating the reference specimens
with Clarke content of sulfur to these soils enriched in gyp-
sum leads to a very large error.
Furthermore, to analyze the superheavy metals, beginning
with barium, we used a variety of X-ray fluorescence analysis
by employing the isotope 241Am as the energy source [7]. All
this permitted the capabilities of the Tefa-6111 instrument to
be improved for analyzing the maximum possible number of
chemical elements.
The soil color was determined with the “Pulsar” colorim-
eter featuring an integrating sphere. The instrument de-
termines the reflection coefficients at 24 fixed wavelengths in
the visible spectral region (380e720 nm) per burst of the flash
lamp. Reflectance and hue of the soils were estimated on the
CIE-L*a*b* coordinates. The CIE-L*a*b* optical system in Car-
tesian coordinates reflects quantitatively the contribution of
the four main colors. The abscissa axis characterizes the de-
gree of redness (þa*) and greenness of the soil (a*), and the
axis of ordinates characterizes the degree of yellowness (þb*)
and blueness (b*). The third axis, normal to the a*b* plane,
represents the soil lightness L* from 0 to 100 [4,8e10].
A processing of the results used regression and correlation
analyses. We determined the parameters of the equations
describing a dependence of contents of the rare chemical el-
ements on contents of the main elements forming part of the
carriers: Al2O3 (as a component of clay minerals), Fe2O3, CaO,
SO3, and P2O5. A high correlation coefficient R
2 suggests that
these rare elements are being accumulated and being fixed by
a particular carrier: clay minerals, iron oxides, carbonates,
sulphates or phosphates.
The degree of soil weathering was determined on the basis
of two criteria. The first criterion is Chemical Index of Alter-
ation (CIA): CIA¼Al2O3/(Al2O3 þ CaO þ Na2O) [11]. This
anna l s o f a g r a r i a n s c i e n c e 1 4 ( 2 0 1 6 ) 1 4 0e1 5 1144indicator is sensitive to the degree of moistening. But XRF-
method does not identify in the soil such light element as
sodium. On the other hand these soils are enriched in sulfates
and sulphides which are unstable under oxidizing conditions
and at a wash mode of humidity they are leached from the
profile.
In this regard, we propose a new Index of Alteration (IA):
IA¼Al2O3/(Al2O3 þ CaO þ SO3). Its value varies from 0 to 1.0.
Average Clarke value for the lithosphere IA ¼ 0.71. IA values
above 0.71 will be regarded as reflecting the high weathered
material, and vice versa e lower than 0.71, as reflecting weak
weathered parent material.
The second weathering index is based on the ratio: Rb/Sr
[12]. We modified it to have limits from 0 to 1. Index of
weathering (IW) is determined from the expression: IW¼ Sr/
(Rbþ Sr). Clear limits are convenient for soil graduation on the
weathering degree of mineral mass.Results and discussion
The contents of macro- and microelements in the soils are
provided in Tables 2 and 3.
Influence of particle-size distribution of the soils on chemical
composition
Particle-size distribution was characterized by the content of
silt particles <1 mm. First, the content of silt particles was
compared with the Al2O3 content. The anticipated positive silt
dependence of Al2O3 was very poorly pronounced: it is
described by a logarithmic equation Al2O3 ¼ 2.46 $
ln(Silt) þ 1.11 with a low correlation coefficient R2 ¼ 0.154.
There may be two factors responsible for the absence of a
reliable positive correlation: the presence of aluminum, not so
much in the composition of clay particles as in the composi-
tion of feldspars. Besides, a different composition of clay
minerals is also possible.
Under such conditions, it is not surprising that some rare
elements do not accompany the clay fraction: for instance,
there is almost no dependence of Zn on silt particles:
R2 ¼ 0.031. This is totally inconsistent with the data on the
occurrence of heavy metals with content of silt particles of a
different genesis. Chernozems of the Central Black Earth
Zone, for example, show a direct dependence of total zinc on
silt: R2 ¼ 0.462 [13]. This suggests a different source of rare
elements in the burozems under study.
Main elements: calcium, sulfur, chlorine, potassium,
phosphorus, and iron
A distinctive property of these soils is their carbonate-sulfate
composition, with the content of CaO and SO3 varying to a
significant extent. The CaO/SO3 ratio changes two orders of
magnitude: from 334 in the carbonatic soil to 1.3e1.5 in the
carbonatic/sulphatic soil and in gleyic solonchak.
The arid soils are strongly enriched in calcium and sulfur.
A Clarke of Ca in soils constitutes 1.4% [14], while the content
of calcium in the carbonatic/sulphatic soils reaches 10e12%,
i.e. it is larger than a Clarke by a factor of 7e8.The sulfur-enrichment of the soils is still larger. Its Clarke
in soils is 0.08% [14]. But in gypsified soils, the sulfur content is
2.1e5.7%, or higher than a Clarke by a factor of 26e71.
The chlorine content in the soils is significantly higher
than a soil Clarke (0.03%) [15]. The carbonatic soil is particu-
larly strongly enriched in chlorine (0.06%). The carbonatic/
sulphatic soils contain smaller amounts of chlorine (0.02%).
Gleyic solonchak shows increased contents of chlorine in the
upper 0e10 cm layer.
The content of iron in the soils is on the level of a Clarke
(3.5%) [14]. The carbonatic soil is depleted in iron: on the
average, 2.8% of the total Fe; its red color disagrees with the
low content of total iron. This is understandable: hematite
aFe2О3, is the pigment in red-colored soils; its small amounts
are sufficient for coloring the entire soil mass [16]. According
to M€ossbauer spectroscopy data, themiddle part of carbonatic
soil contains 0.8% of hematite, with 2.1e2.5% corresponding to
the carbonatic/sulphatic soil. Thus the bulk content of iron,
the major portion of which is concentrated in silicates, does
not reflect the soil color.
The carbonatic/sulfatic soil and gleyic solonchak are
enriched in phosphorus to a significant extent. The soil P
Clarke (0.075%) [14] is exceeded by a factor of 2e5, largely in
the lower part of solonchak. Phosphorus content depends
reliably on sulfur accumulation in the soils; the coupling
equation: P2O5¼ 0.051þ 0.055 $ (SO3) with R2¼ 0.843. Thus the
fixing of phosphorus by gypsum, according to [2,3], occurs in
these soils.
Alkali metals: К and Rb
The brown arid soils are generally depleted in potassium; its
content is below the soil Clarke value, 1.4% [14]. A deficiency of
potassium is characteristic for arid and semiarid regions.
Gleyic solonchak is depleted particularly strongly (0.43e1.16%
К). Potassium content depends on the amount of alumosili-
cates; therefore, there occurs a reliable dependence of K on
Al2O3; it is expressed by an exponential equation: К ¼ 0.17 $
exp(0.248$Al2O3), with R
2 ¼ 0.908. An exponential dependence
represents a rapid increase in the function and is character-
istic for metal enrichment in the case of a deficiency of its
carrier.
The rubidium content is considerably below the Clarke
value, 68 mg/kg [15]; its amount is particularly small in the
carbonatic/sulphatic soil, averaging 9 mg/kg. The plot of
rubidium content versus aluminum shows two clouds of
points (Fig. 9). Low rubidium content in the carbonatic/sul-
phatic soil determines a weak dependence of Rb ¼ 3.65 $
exp(0.09$Al2O3), with R
2 ¼ 0.685. In the other two soils where
rubidium occurs in larger amounts, a steeper relation was
obtained: Rb ¼ 19.56 $ exp(0.134$Al2O3), with R2 ¼ 0.855. The
exponential form of the relationship with aluminum suggests
a deficiency of alumosilicate material as the source of
rubidium, especially in the carbonatic/sulphatic soil.
Alkali-earth metals: Sr and Ba
The distinctive feature of the alkali-earth metals involves
their different dependencies on the content of carrier ele-
ments in the carbonatic and carbonatic/sulphatic soils.
Table 2 e Content of macroelements in soils, %.
Horizon Depth, cm SiO2 Al2O3 CaO MgO Fe2O3 K2O MnO2 P2O5 SO3 TiO2 Cl
Profile 2. Calcisol
AK 0e11 44.975 9.10 13.36 1.91 4.40 2.20 0.08 0.23 0.30 0.66 0.04
APL 11e22 48.93 10.80 16.77 1.73 4.52 2.13 0.05 0.10 0.11 0.63 0.04
B1Ca 22e30 46.75 9.82 20.07 1.79 4.32 1.84 0.06 0 0.06 0.64 0.08
B2Ca 30e49 51.08 9.08 13.59 1.95 3.58 2.25 0.05 0.03 0.22 0.51 0.07
BCCa 49e60 41.82 6.98 20.06 2.34 4.11 1.26 0.09 0.04 0.14 0.51 0.06
М ± s 46.71 ± 3.57 9.16 ± 1.40 16.77 ± 3.30 1.94 ± 0.24 4.19 ± 0.37 1.94 ± 0.41 0.07 ± 0.02 0.08 ± 0.09 0.17 ± 0.09 0.59 ± 0.07 0.06 ± 0.02
Profile 3. Calcisol/gypsisol
AK 0e6 49.14 11.80 11.83 3.25 6.75 2.56 0.10 0.19 0.34 0.75 0.04
APLs 6e27 36.70 8.50 16.52 3.22 5.80 1.59 0.07 0.71 10.92 0.57 0.01
B1Ca,s 27e40 32.00 7.48 19.17 3.94 5.08 1.20 0.06 0.95 14.26 0.49 0.00
BCCa,s 40e53 39.44 9.44 15.63 3.42 6.19 1.80 0.07 0.75 10.29 0.61 0.03
М ± s 38.32 ± 7.23 9.30 ± 1.85 15.79 ± 3.04 3.46 ± 0.33 5.95 ± 0.70 1.79 ± 0.57 0.07 ± 0.02 0.65 ± 0.32 8.95 ± 6.00 0.61 ± 0.11 0.02 ± 0.02
D1Ca,s 53e70 45.17 10.83 13.39 3.82 6.40 2.11 0.08 0.31 5.68 0.67 0.02
D2Ca,s 70e80 46.11 10.80 15.03 3.78 5.82 2.11 0.08 0.38 4.81 0.61 0.01
М ± s 45.64 ± 0.66 10.81 ± 0.02 14.21 ± 1.16 3.80 ± 0.03 6.11 ± 0.41 2.11 ± 0.0 0.08 ± 0.0 0.34 ± 0.05 5.24 ± 0.61 0.64 ± 0.09 0.01 ± 0.01
Profile 4. Dark solonchak
AU 0e12 43.49 8.48 14.00 3.35 4.99 1.52 0.09 0.43 8.86 0.74 0.06
ABCa,s 12e32 35.33 6.64 17.48 2.39 4.67 1.03 0.07 0.38 13.47 0.50 0.00
BCs,g 32e61 45.07 9.43 12.21 2.11 6.12 1.66 0.10 0.25 5.36 0.73 0.02
М ± s 41.30 ± 5.23 8.18 ± 1.42 14.56 ± 2.68 2.62 ± 0.65 5.26 ± 076 1.40 ± 0.33 0.09 ± 0.01 0.35 ± 0.09 9.23 ± 4.07 0.66 ± 0.14 0.03 ± 0.03
D1gcas 61e83 17.59 2.70 27.37 1.90 2.93 0.25 0.08 0.99 16.23 0.21 0.02
D2gcas 83e108 21.41 4.30 24.93 2.70 3.55 0.41 0.08 1.14 15.98 0.23 0.03
D3gcas 108e130 34.71 6.62 16.98 2.31 5.48 0.89 0.07 0.59 10.25 0.51 0.01
М ± s 24.57 ± 8.99 4.54 ± 1.97 23.09 ± 5.43 2.30 ± 0.40 3.98 ± 1.33 0.52 ± 0.33 0.08 ± 0.0 0.91 ± 0.28 14.15 ± 3.38 0.32 ± 0.17 0.02 ± 0.01
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Table 3 e Content of microelements in soils, mg/kg.
Horizon Depth, cm Cr Ni Cu Zn Ga As Rb Sr Zr Nb Ba Pb Y La Ce Pr Nd
Profile 2. Calcisol
AK 0e11 48 39 15 68 19 66 223 184 9 431 9 23 20 28 5 15
APL 11e22 48 38 10 51 12 7 59 310 194 9 462 8 21 16 29 4 12
B1Ca 22e30 75 37 24 56 15 5 61 321 171 11 442 8 20 16 30 4 12
B2Ca 30e49 32 36 19 41 12 4 75 256 150 6 548 7 19 16 28 4 12
BCCa 49e60 34 50 23 48 7 0 49 314 159 9 443 9 18 15 27 4 12
М ± s 47 ± 17 40 ± 6 18 ± 6 53 ± 10 13 ± 4 3 ± 3 62 ± 9 233 ± 81 172 ± 18 9 ± 2 465 ± 48 8 ± 1 20 ± 2 17 ± 2 28 ± 1 4 ± 0.4 13 ± 1.3
Profile 3. Calcisol/gypsisol
AK 0e6 61 112 39 91 19 7 12 343 164 e 407 12 22 17 31 4 14
APLs 6e27 64 72 25 75 14 6 9 597 138 7 351 9 20 15 25 4 12
B1Ca,s 27e40 48 77 32 74 16 5 7 727 126 8 340 7 19 13 23 3 10
BCCa,s 40e53 61 72 26 72 22 8 774 138 5 386 8 18 15 28 3 13
М ± s 58 ± 7 83 ± 19 30 ± 6 78 ± 9 18 ± 3 4 ± 3 9 ± 2 610 ± 193 141 ± 16 5 ± 3 371 ± 31 9 ± 2 20 ± 2 15 ± 2 27 ± 3 3 ± 1 12 ± 2
D1Ca,s 53e70 44 87 38 82 20 6 9 481 150 6 376 9 19 16 28 3 12
D2Ca,s 70e80 88 72 26 68 13 9 553 161 7 313 9 21 18 24 3 13
М ± s 66 ± 31 80 ± 11 32 ± 8 75 ± 10 16 ± 5 3 ± 4 9 ± 0 517 ± 51 155 ± 8 6 ± 1 344 ± 44 9 ± 0 20 ± 1 17 ± 1 26 ± 3 3 ± 0 12 ± 1
Profile 4. Dark solonchak
AU 0e12 34 27 24 76 13 7 65 647 256 15 400 5 16 18 35 5 14
ABCa,s 12e32 48 25 22 62 12 55 970 147 8 359 13 14 16 31 5 13
BCs,g 32e61 32 42 26 87 22 4 74 595 206 12 389 14 16 21 36 5 15
М ± s 38 ± 9 31 ± 9 24 ± 2 75 ± 12 16 ± 5 4 ± 3 65 ± 9 737 ± 203 203 ± 55 12 ± 3 383 ± 21 11 ± 5 15 ± 1 18 ± 3 34 ± 3 5 ± 0 14 ± 1
D1gcas 61e83 16 24 17 33 7 e 26 2009 83 e 128 5 9 6 9 2 5
D2gcas 83e108 30 26 20 42 10 3 31 1642 103 7 162 3 10 8 12 3 5
D3gcas 108e130 27 34 22 68 17 2 57 850 144 9 278 10 14 14 28 3 10
М ± s 24 ± 7 28 ± 5 20 ± 2 48 ± 18 11 ± 5 2 ± 1 38 ± 17 1500 ± 592 110 ± 31 5 ± 5 189 ± 79 6 ± 4 11 ± 3 11 ± 4 16 ± 10 3 ± 1 7 ± 3
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soils (450 mg/kg) [15]; averaging only 362 mg/kg in the carbo-
natic/sulphatic soil. Ba content decreases with an increase in
the amount of sulfur; this is especially evident in gleyic
solonchak where the exponential coefficient is four times as
low (with the sign taken into account) than in automorphic
soils (Fig. 10). Ba content decreases with an increase in the
amount of calcium in gypsified soils (R2 ¼ 0.868), but the
reverse is the case in the carbonatic soil: the relationship
Ba ~ CaO is weak (R2 ¼ 0.213).
The carbonatic/sulphatic soil, on the contrary, is enriched
in strontium, averaging 579mg/kg,which is perceptibly higher
than the Clarke value (175 mg/kg) [15]. Strontium content ac-
cumulates exponentially with an increase in sulfur content
(R2 ¼ 0.838), and Sr exhibits a sulphatophilic character. Since
strontium forms part of phosphates, it is not unreasonable to
determine the dependence of Sr content on P2O5. An expo-
nential dependence holds: Sr ¼ 249 $ exp(1.72$P2O5), with the
coefficient R2 ¼ 0.732.
The Sr/Ba ratio is widely used by geochemical researchers.
In gypsic neoformations the mean content of Sr reaches
3000e3500 mg/kg, whereas in the carbonatic soils it is only
500e750 mg/kg [17]. On the other hand, Ba content is higher
in the carbonatic neoformations: averaging 300e500 mg/kg,
whereas in the gypsic neoformations the amount of barium
is so small that it falls into the category of impurities. Of
course, the Sr/Ba ratio varies regularly over a broad range in
soils.
In our facilities in the carbonatic soil, the mean Sr/Ba
ratio ¼ 0.6, while in the carbonatic/sulphatic soil it increases
to 1.6, perhaps due to its sulphatophilic character. In dark
solonchak with obvious signs of binarity, the Sr/Ba ratio ¼ 1.9
in the upper layer, i.e. about the same as in the carbonatic/
sulphatic soil. With increasing depth, however, it increases
to 8.0; conceivably the increase in the Sr/Ba ratio has to do
with the composition of red-colored Cambrian deposits.
They are known to have been formed in the latter part of the
Cambrian period under a dry and warm climate favoring the
production of hematite. Conceivably the arid conditions for
formation of Cambrian material were responsible for the
high value of the Sr/Ba ratio ¼ 8.0 in the lower layer of gleyic
solonchak.
Although soil redness was lost due to the hematite reduc-
tion in conditions of increased humidity, the geochemical
criterion (Sr/Ba) retains a high value characteristic for the arid
formation conditions of Cambrian deposits.
The weathering degree of calcisol/gypsisol
IA index as ameasure of areamoisture reflects the dry climate
of these soils. In calcisol IA ¼ 0.35, in calcisol/gypsisol
IA ¼ 0.27, in the upper horizons of gleyic solonchak IA ¼ 0.26.
This is below the average Clarke value (0.71). As acontrast, we
note that in the humid conditions of Sakhalin Island IA ¼ 0.97
for local brown earth [18], which is significantly higher than
the average Clarke values.
Weathering indicator IW, based on Rb/Sr ratio, shows low
values: from the calcisol IW ¼ 0.21 to cacisol/gypsisol
IW ¼ 0.01. They are markedly higher than Clarke value for
soils (IWClarke ¼ 0.28).The rare elements Mn, Zn and Cu
The arid soils are enriched in manganese. Their contents
(540e700 mg/kg) are higher than soil Clarke (488 mg/kg) [15].
Copper contents in the soils are dropping with respect to a
Clarke, especially in the calcisol/gypsisol. The copper content
is 30e32 mg/kg, with a soil Clarke of more than 39 mg/kg [15].
The zinc content in the carbonatic/sulphatic soil reaches
75e78 mg/kg, with a Clarke of 70 mg/kg [15]. The calcisol
shows smaller amounts of these microelements: on the
average 18 mg/kg (Cu), and 53 mg/kg (Zn).
A study of carbonatic and gypsic neoformations in the
deposits of North Kazakhstan provided opposing results. The
Cu content in gypsic neoformations is six times as low as in
the carbonatic ones. This is due to the fact that “… gypsic
neoformations arise as a result of crystallization from the
aqueous-ionic medium without showing any phenomena of
metasomatosis and colloidal state” [17]. Recrystallization of
hypergenic gypsum is revealed by means of electron micro-
scopy [19].
The different correlations of the microelements with
macroelements (Zn and Cu) in the brown soils of the Angara
region are due to the influence of carbonic calcium gypsum.
Its input from eroded gypsum-bearing Cambrian rocks was
accompanied by enrichment of the carbonatic/sulphatic soil
with the microelements Zn and Cu.
Statistical dependencies of the content of microelements
on aluminum and iron were found to be low for all soils. For
instance, the correlation coefficients of the dependence of zinc
and copper on alumina content were: R2 ¼ 0.414 and 0.223,
respectively. There is the genetic inhomogeneity of arid soils.
A more detailed analysis permits identification of the soils
where the dependence of microelements on carrier elements
is reliable. Thus, a dependence of zinc on alumina manifests
itself only in gleyic solonchak (R2 ¼ 0.971), where under
waterlogging conditions, alumosilicates become the source of
Zn. But in dry soils, on a raised terrain, there is no correlation
of zinc with alumina: R2 ¼ 0.127 (Fig. 3).
In the three soils, zinc exhibits a siderophilic character; a
dependence on iron is confirmed by a high determination
coefficient R2 ¼ 0.845.
An identically detailed analysis revealed soils where the
dependence of copper on carrier elements was reliable. A
direct dependence of Cu on alumina manifests itself in two
soils (except in the carbonatic soil): R2 ¼ 0.971. In the carbo-
natic soil, the relationship of copper with alumina is negative
(Fig. 4). The same is true for the dependence of Cu content on
iron: a direct dependence is manifested in soils, except in the
carbonatic soil: R2 ¼ 0.652. In the carbonatic soil there is
almost no relationship with iron: R2 ¼ 0.216.
Lanthanides
It is appropriate to assign them to the group ofmicroelements.
There appeared an impressive body of evidence concerning
their useful influence on plants, and China began to practice a
large-scale utilization of lanthanides as microfertilizers [20].
Clay minerals and phosphates often serve as the lithogenic
source of lanthanides, and manganese oxides serve as carries
of lanthanides in soils [20].
Fig. 3 e Statistical dependence of zinc content on Al2O3
content in soils:d automorphic soils, - - gleyic
solonchak.
Fig. 4 e Statistical dependence of copper content on Al2O3
content in soils:d carbonatic/sulphatic soil and dark
solonchak, - - - carbonate soil.
Fig. 5 e Statistical dependence of neodymium content on
P2O5 content in soils.
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According to Kabata-Pendias [15], their soil Clarkes are:
La ¼ 26.1; Ce ¼ 46.7; Pr ¼ 7.6; Nd ¼ 19.5 mg/kg. As it is evident,
the content of lanthanides in the arid soils of the southern
Angara region is below a Clarke. Furthermore, the content of
all lanthanides decreases when the soils are enriched in car-
bonates: their relationships with CaO are negative.
Among the most remarkable achievements in recent years
is the establishment of the fact that there occurs a geochem-
ical fractionation of lanthanides in soils and rocks [20]. We
analyzed the statistical connections of the lanthanides with
Al2O3, P2O5, CaO and MnO2. There is a difference in the char-
acter of the regression lines of the Al2O3 dependence: yttrium,
as the representative of heavy lanthanides, shows an expo-
nential dependence; the other, light lanthanides, however,
show a logarithmic dependence. The exponential form of thedependence of yttrium on alumina indicates an enhanced
accumulation of Y in specimens highly rich in alumina
(R2 ¼ 0.812). On the contrary, the logarithmic form of the
relationship of light lanthanides is indicative of a saturation of
their content, with an increase in the contribution from
alumina in soils. There are differences in the values of the
correlation coefficients of the dependence of light lanthanides
on Al2O3 content. They are high, reaching 0.727 and 0.757 for
lanthanum and neodymium; for cerium, on the other hand, R2
is perceptibly lower: 0.620. Lanthanum and cerium are asso-
ciated with aluminum by a constant oxidability; the suscep-
tibility of cerium to a change in potential redox decreases the
degree of its dependence on alumina which is not susceptible
to Eh variations.
A difference in the behavior of yttrium and light lantha-
nides remains in the analysis of their dependence on the
content of phosphates. Their dependencies are approximated
most accurately by a polynomial, although the form of the
polynomial is different for light lanthanides and for yttrium.
Fig. 5 plots neodymium content versus P2O5. For neodymium,
and for the other light lanthanides we identified a maximum
for the content of P2O5 ~ 0.4%. In other words, light lantha-
nides are accumulated with an increase in phosphates from
0 to 0.4%, and their content decreases with a further phos-
phatization of the soil. Conceivably, a small portion of light
lanthanides comes from phosphates. On the contrary, with an
increase in P2O5 content, the amount of yttrium decreases
progressively (Fig. 6) and, hence, it is beyond reason to allow
for the Y input from phosphates.
In the arid soils, yttrium, lanthanum and cerium exhibit
some siderophilic character. Their content increases with an
increase in soil ferrugination: the relationships with Fe2O3 are
described by logarithmic dependencies with R2 ¼ 0.31e0.39.
the manganophilic character of these lanthanides is much
more poorly pronounced. On the contrary, neodymium shows
a higher manganophilic character (R2 ¼ 0.42) compared to the
siderophilic character (R2 ¼ 0.001). This indicates a different
chemical affinity of lanthanides in brown soils.
Fig. 6 e Statistical dependence of yttrium content on P2O5
content in soils.
Fig. 7 e Statistical dependence of nickel content on Fe2O3
content in soils:d automorphic soils, - - - gleyic
solonchak.
Fig. 8 e Statistical dependence of gallium content on Al2O3
content in soils:d automorphic soils, - - gleyic
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Nickel content shows a most contrasting variation. It exceeds
a soil Clarke value (29 mg/kg) [15] in the carbonatic/sulphatic
soil (averaging 80e83 mg/kg), but decreases abruptly (to
28e31 mg/kg) in gleyic solonchak, perhaps due to leaching.
Leaching of metals is favored by high humification of solon-
chak: formation of metal-organic complexes promotes
migration of metals.
The study revealed a different form of the relationship of
nickel, as the well-known siderophilic metal, with iron (Fig. 7).
In two automorphic soils, the Fe2O3 dependence on nickel
content is expressed by the equation:
Ni ¼ 9.8$exp(0.345$Fe2O3). In dark solonchak, the influence of
iron is becoming weaker; the corresponding equation:
Ni ¼ 14.3$exp(0.153$Fe2O3), and the exponential coefficient is
twice as low.
The soils are depleted in the other heavy metals. The soil
Clarke value of chromium is 59 mg/kg [15]. In the brown arid
soils, chromium occurs in minor amounts, especially in gleyic
solonchak (24e39 mg/kg). The expected siderophilic character
of chromium is best pronounced in the carbonatic when
compared with the carbonatic/sulphatic soil: the exponential
coefficient of the iron dependence is twice as high. It is likely
that chromium is supplied to the soil together with sulfates: in
the carbonatic/sulphatic soil, the average content of chro-
mium is higher, 58 against 47 mg/kg in the carbonatic soil.
The gallium content in the soils is about the Clarke value,
15 mg/kg [15]. The dependence of gallium content on alumina
is most significant (R2/max) in gleyic solonchak than in dry
soils on autonomous positions of the relief (Fig. 8). In solon-
chak, the exponential coefficient of the equation of the
dependence of Ga on Al2O3 is higher by a factor of 1.5, which
suggests a larger contribution from alumosilicates to gallium
saturation of the soil.
The zirconium content in the brown soils is also below the
Clarke value (267 mg/kg) [15]. The cause for a deficiency of
zirconium is a shortage of its main carrier, titanium, thecontent of which in the soils is below the Clarke value
(7038mg/kg) [15]. A dependence of Zr on TiO2 is confirmed by a
high determination coefficient R2 ¼ 0.764.
The soil Clarke value is 27 mg/kg (Pb) [15]. In the arid soils,
the lead content is low: averaging 6e11 mg/kg. The amount of
lead increases with ferrugination of the soils, and especially
steeply in gleyic solonetz: the exponential coefficient is four
times as high as in the automorphic soils. Thus Pb exhibits its
siderophilic character.Conclusion
1. The arid soils of the southern Angara region combine high
calcareousness and gypsification. Carbonatic soils occur atsolonchak.
Fig. 9 e Statistical dependence of rubidium content on
Al2O3 content in soils:d carbonatic soil and gleyic
solonchak - - - carbonatic/sulphatic soil.
Fig. 10 e Statistical dependence of barium content on SO3
content in soils:d carbonatic soil and gleyic solonchak,
- - - carbonatic/sulphatic soil.
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eousness is accompanied by sulphateness. Gleyic solon-
chak is formed in the floodplain, in conditions of the
erosional removal of material from the summits and a
significant role of humidification. The geochemistry of the
arid soils has a peculiar character with respect to macro-as
well as microelements.
The arid soils of the southern Angara region show a very
high contrast of chemical composition. According to contents
of some elements, the territory is a contrasting positive
geochemical anomaly: the soils are enriched (above the Clarke
value) in Ca, S, Cl, P, Sr, Zn, and Cu. Yet according to contents
of many other elements, such as Rb, K, Ba, Cr, Ga, Zr, Ti, and
Pb, and lanthanides (Y, La, Ce, Pr, and Nd), it is the territory ofnegative anomaly. Gleyic solonchak is particularly strongly
depleted, perhaps due to the leaching of the elements.
A special place is occupied by strongly varying nickel. Its
content exceeds the Clarke value in the carbonatic/sulphatic
soil but decreases dramatically in gleyic solonchak. Being
siderophilic, nickel depends on iron content, especially in
automorphic soils; in gleyic solonchak, however, the Ni
dependence on iron is becoming weaker.
2. The dry climate of the territory is reflected in the low
values ofthemoisture criterion IA for calcisol and gypsisol.
Calcosol IA ¼ 0.35, calcisol/gypsisol IA ¼ 0.27, upper hori-
zons of gleyic solonchak IA ¼ 0.26. This is below than the
average Clarke value IA (0.71). Weathering indicator IW,
based on Rb/Sr ratio, shows low values. Low value IW (0.21)
says about weak weathering in calcisol and IW ¼ 0.01 says
the same in calcisol/gypsisol, they are noticeably higher
than “Clarke” weathering soils IWClarke (0.28).
3. The soils develop peculiar relationships between elements.
Enrichment (especially with regards to the carbonatic/
sulfatic soil and gleyic solonchak) in phosphorus certainly
depends on sulfur content in the soils. The carbonatic/
sulphatic soil is enriched in strontium; its content is
appreciably in excess of the Clarke value; strontium accu-
mulation depends on sulfur content.
The relationship of the rare metals with their carriers was
studied. Accumulation of Zn and Cu in the gypsified soil due to
the input of carbonic calcium gypsumwhichwas produced on
account of the alimentation of closed water bodies by brooks
and water flows. These flows transported to the lakes salts,
suspended particles of lithogenic gypsum and alumosilicates
from eroded gypsum-bearing Cambrian rocks. Microelements
(Zn and Cu) were also supplied together with them, enriching
the carbonatic/sulphatic soils in low landforms.
4. Depletion of the soils in potassium is accounted for by a
deficiency of alumosilicates. The mean barium content is
below the Clarke value and decreases with an increase in
the amount of sulfur and, especially, in calcium in the soil.
The soils are depleted in lanthanides; their content de-
pends directly on the amount of alumosilicates and, vice
versa, on the content of carbonates. There is a difference in
the behavior of yttrium and light lanthanides. Light lantha-
nides are accumulated with an increase in phosphates from
0 to 0.4%, and with a further phosphatization of the soil, their
content decreases. On the contrary, with an increase in P2O5
content, the amount of yttrium decreases progressively: the
local phosphates are not enriched in Y. Yttrium, lanthanum
and cerium exhibit a higher siderophilic character than the
manganophilic behavior. On the contrary, the manganophilic
character in neodymium is higher than the siderophilic
character. This suggests a different chemical affinity of the
lanthanides in the arider soils.
There is a deficiency of chromium, especially in gleyic
solonchak; the siderophilic character of chromium is more
clearly pronounced in the carbonatic soil.
The relationship of gallium with alumina is most signifi-
cant in gleyic solonchak where alumosilicates are destroyed
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relief.
Zirconium deficiency is accounted for by a shortage of its
main carrier, titanium, whose content in the soils is below the
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